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ABSTRACT 
An analytic quasigeostrophic model is used to examine the sensitivity of type B cyclogenesis to the vertical 
structure of the troposphere given a particular stratospheric temperature configuration. It is found that there is 
an optimal tropospheric configuration that produces the largest negative height tendency at the center of the 
1000-mb model cyclone. Based on the response of the 1000-mb height tendencies, altering the baroclinicity in 
the model planetary boundary layer (PBL) does not significantly affect the instantaneous quasigeostrophic 
dynamics of the deep atmosphere. Rather, the PBL temperature anomalies affect the development of lower-
tropospheric model lows by hydrostatically shifting or steering the cyclone centers to locations beneath more 
(or less) favorable deep atmospheric quasigeostrophic conditions for development. 
Diagnostic analyses of three individual stratospheric-tropospheric model configurations are also performed 
to examine the dynamics that drive the height (pressure) tendency field. Generally, the analytic model findings 
confirm previous observational and numerical investigations of height tendency mechanisms and support the 
notion of a stratospheric level of insignificant dynamics. In the optimal development case, the 1000-mb low is 
located almost directly underneath the region of strongest 200-mb temperature advection associated with a 
tropopause undulation (potential vorticity anomaly). This strong lower-stratospheric warm advection instanta-
neously overwhelms adiabatic cooling in the stratosphere and troposphere so that there are height falls over and 
downstream of the 1000-mb low. When the static stability is lowered in the troposphere and raised in the 
stratosphere to realistic "warm-sector" values, the vertical motion increases, and the local warming in the 
stratosphere and cooling in the troposphere decrease. The reduced tropospheric cooling results in larger net local 
column warming that intensifies the l 000-mb height falls. The intensified vertical circulation also acts to amplify 
the tropopause undulation. As the amplitude of the undulation increases, characteristics of the occlusion process 
can be identified. 
1. Introduction probably best describes extratropical cyclogenesis from 
synoptic experience. While there have been many ob-
servational (e.g., Wash et al. 1992) and numerical 
model (e.g., Kuo et al. 1991) studies of cyclone events 
documenting the importance of type B dynamics, such 
as midlevel cyclonic vorticity advection, analytic stud-
ies of the finite-amplitude perturbations that trigger this 
more common type of cyclogenesis have only lately 
begun to appear in the literature. Farrell ( 1982, 1984, 
1985, 1989) and Rotunno and Fantini ( 1989), for ex-
ample, cast type B cyclogenesis as an initial-value 
problem. Their results suggest that finite-amplitude 
nonmodal and/or modal perturbations that are suitably 
configured so as to release mean-flow potential energy 
can display significant growth. Similarly, Hoskins et al. 
( 1985) explain how type B cyclogenesis can result from 
the movement of a preexisting tropopause potential vor-
ticity (PV) anomaly over a low-level baroclinic zone. 
Traditional analytic treatments of extratropical cy-
clones have primarily focused on linear normal-mode 
problems (Charney 1947; Eady 1949), which show 
that cyclones can arise from the amplification of infin-
itesimal perturbations on an unstable barodinic current. 
However, this theoretical form of cyclogenesis, much 
like the type A development described by Petterssen 
and Smebye (1971 ) , is rarely if ever observed in its 
pure form (Uccellini 1990). Rather, the conceptual-
ization of type B development by Petterssen and 
Smebye (1971), in which a preexisting finite-ampli-
tude upper-level disturbance triggers low-level devel-
opment in the vicinity of surface baroclinic zones, 
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An important conclusion reached from these analytic 
initial-value problem studies (e.g., Farrell 1982) as 
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well as observational (e.g., Manobianco 1989) and nu-
merical (e.g., Warrenfeltz and Elsberry 1989) studies 
of type B cyclogenesis is that the vertical structure of 
the initial perturbation is crucial to the transient, but 
nevertheless synoptically relevant, time periods of 
baroclinic growth. In particular, Farrell (1989) finds 
that perturbations, which resemble the classic obser-
vational cold-core configuration of an upper-tropo-
spheric trough ( tropopause-level PV anomaly) ap-
proaching a surface low, result in maximum growth of 
energy in a simple model. Significantly, these upper-
level waves and the ensuing lower-tropospheric cy-
clones that develop have been shown to be affected by 
the structure of the atmosphere in the vicinity of the 
tropopause as well as by the structure of the lower tro-
posphere (e.g., Hoskins et al. 1985; Thorpe 1986). 
This is the second of two papers that examines the 
sensitivity of type B cyclogenesis to vertical structure 
with an analytic five-layer, quasigeostrophic model. In 
Part I (Hirschberg and Fritsch l 993a), the sensitivity 
to stratospheric structure was examined. For a given 
tropospheric structure, it was shown that baroclinic sys-
tems do not show observed characteristics unless cer-
tain temperature, height, and wind anomaly configu-
rations associated with tropopause undulations (PV 
anomalies) are present. Furthermore, for given tropo-
spheric anomaly patterns, there are particular lower-
stratospheric configurations that optimize the instanta-
neous development of lower-tropospheric cyclones. 
These stratospheric configurations are functions of l ) 
the magnitude of the lower-stratospheric anomalies, 2) 
the amplitude of the tropopause undulation, and 3) the 
horizontal location of the undulation relative to the tro-
pospheric anomalies. In Part II, further sensitivity stud-
ies are performed. These studies focus on the individual 
roles of the tropospheric anomalies in the development 
process for the optimal stratosphere found in Part I. In 
addition, three individual model stratospheric-tropo-
spheric configurations are analyzed to examine the in-
stantaneous quasigeostrophic dynamics that drive the 
height (pressure) tendency field during type B cyclo-
genesis. 
2. Model and methodology 
This study extends earlier analytic diagnostic studies 
of cyclogenesis (e.g., Sanders 1971; Thorpe 1986) by 
using a five-layer quasigeostrophic model (Hirschberg 
and Fritsch 199 lc, hereafter referred to as HF9 lc) to 
determine the instantaneous deepening rates and bal-
anced flows for a continuum of baroclinic disturbances 
with various tropospheric and stratospheric structures. 
Similar to the one-layer prototype version formulated 
by Sanders (1971), the five-layer model yields exact 
analytic solutions to the nonlinear quasigeostrophic 
omega and vorticity equations for simple temperature 
and geopotential structures. Specifically, the five-layer 
analysis yields instantaneous three-dimensional fields 
of vertical motion, geopotential tendency, and various 
other diagnostic information. 
Figure 1 depicts the vertical structure of the five-
layer model. Definitions of the symbols are provided 
in the appendix. The horizontal fields are cyclic in both 
the x and y directions, although a rectangular domain 
from -L/2 ~ x ~ L/2 and -L/4 ~ y ~ L/4 (where 
Lis the horizontal wavelength) is used for display pur-
poses. The model is based on the specification of the 
model pressure levels Pj, j = 1, · · ·, 6; the total three-
dimensional temperature field T( x, y, p), which con-
sists of a horizontal mean Tm (p), meridional T' 1 (x, y, 
p), and harmonic components T'h(x, y, p); and the 
two-dimensional geopotential pattern </J(x, y, P) at one 
of the model levels Pref· All other quantities such as the 
geostrophic winds are derived from these fields (see 
HF91c for more details). Hereafter, the term "devia-
tion field'' will refer to the sum of the meridional and 
harmonic components of the field at each horizontal 
level, that is, the deviation from the horizontal mean, 
while the term "anomaly field" will refer only to the 
harmonic component. 
In Part I, we demonstrate the significance of tropo-
pause undulations (PV anomalies) in type B cyclogen-
esis as simulated by the five-layer model. To represent 
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FIG. I . A schematic cross section along y = 0 of the vertical struc-
ture of the five-layer model. Here j = I, · · ·, 5 are the model layers; 
Pi,}= I,··-, 6 are the model pressure levels; ri,j =I,··., 5 are 
the mean lapse rates of temperature in each model layer j; TJ"", j 
= I, · · ·, 6 are the harmonic temperature anomaly amplitudes at each 
model level Pi; -Tj '", j = I, · · ·, 6 are the meridonal temperature 
gradients at each model level Pi; and f, is the mean temperature at 
P,. The heavy solid line denotes the position of a representative axis 
of maximum absolute temperature anomaly in the cross section. 






















FIG. 2. Schematic cross sections illustrating the representation of the tropopause in the five-layer model. (a) Cross section along y = O 
depicting the harmonic temperature anomaly T'" associated with tropopause undulations. Solid curved line depicts the position of the model 
tropopause in the x direction. TUL is the tropopause undulation layer, that is, the layer between Pj and Pj+z; FT is the free troposphere layer; 
and PBL is the planetary boundary layer. (b) Cross section along x = 0 depicting the linear temperature gradient T'' associated with the 
mean north-south slope of the tropopause. Solid diagonal line depicts the position of the sloping model tropopause in they direction; p/_ 1 , 
Pl, Pr +1, and P/+2 denote model levels that can be other than Pj_,, P1, Pj+i, and P1+2 , respectively. In (a) and (b) stippling denotes regions 
where the temperature perturbations are negative (colder than the mean) and hashing denotes regions where the temperature perturbations 
are positive (warmer than the mean). 
the temperature deviation structure associated with tro-
popause undulations (see Hirschberg and Fritsch 
1991 a,b; hereafter HF9 l a,b), one or more model layers 
are designated the ''tropopause undulation layer'' 
(TUL). In this layer the magnitude of the harmonic 
component of the temperature field (harmonic anom-
aly) varies vertically from a relative maximum of one 
sign, at the bottom of the layer, to a relative maximum 
of the opposite sign at the top of the layer (Fig. 2a). 
The harmonic anomaly vanishes in the layer at the level 
of the inflection point in the undulation. The meridional 
temperature gradient, which essentially determines the 
FtG. 3. Five-layer model cross section along y = 0 depicting height 
deviation ( m, solid) and temperature deviation ( K, dashed) for the 
conditions associated with the optimal configuration from experiment 
E2 in Part I. The positions of the trough and ridge axes are denoted 
by the heavy solid line, as is the position of the model tropopause. 
mean zonal wind profile and the mean north-south 
slope of the tropopause (see Fig. 2b), can be set in-
dependently from the TUL specification (see HF9lc 
and Part I for more details ) . Pertinent to Part II of this 
study, model layers below the TUL (see Fig. 2) can be 
arranged to represent anomaly configurations associ-
ated with the free troposphere (FT) and the planetary 
boundary layer (PBL). The ability of the five-layer 
model to realistically simulate the thermal and geopo-
tential height structures in both the troposphere and 
stratosphere is demonstrated in HF9 lc. 
3. Varying the characteristics of the troposphere 
An emerging picture of the type B cyclogenetic pro-
cess is that both upper- and lower-level baroclinicity is 
important. As Farrell ( 1984) and Hoskins et al. ( 1985) 
show, the development of type B cyclones can occur 
from the interactions of suitably configured upper- and 
lower-level disturbances. In Part I, a series of sensitiv-
ity experiments are described that illuminate the role of 
reversed (with respect to the troposphere) lower-strato-
spheric baroclinicity, associated with tropopause un-
dulations, in the development and evolution of type B 
cyclones. In those experiments the thermal configura-
tion of the troposphere was specified to be the same for 
each experiment, while the magnitude, depth, and 
phase of the stratospheric thermal configuration were 
varied. Figure 3 depicts a cross section of the temper-
ature and height deviation fields associated with the 
optimal configuration from experiment E2 in Part I, 
which examined the sensitivity of the 1000-mb model 
low to tropopause thermal anomaly magnitude. Gen-
erally, this section compares well with other idealized 
(e.g., see Holton 1979; Farrell 1989) and observed 
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(Palmen and Newton 1969; HF9la,b) cross sections 
through developing type B cyclones. In particular, rel-
atively large temperature deviations, which peak at 200 
mb and are associated with a tropo~ause undulation 
(positive and negative PV anomalies), lie slightly east 
of (toward positive x) and above temperature devia-
tions of the opposite sign in the troposphere (below 250 
mb in Fig. 3). In typical cold-core fashion, the geo-
potential height ridge and trough axes slope westward 
with elevation, up to 250 mb, the level of zero temper-
ature anomaly. Additionally, the magnitudes of the 
height deviations increase with elevatfon from I 000 to 
250 mb. The location of the 1000-mb high and low 
relative to the thermal pattern and upper-level height 
pattern is synoptically familiar (e.g., Palmen and New-
ton 1969; Carlson 1991) and is favorable for devel-
opment (Sanders 1971 ) , 
Needless to say, the significance of tropospheric 
baroclinicity in extratropical cyclogenesis is well es-
tablished (e.g. Charney 1947; Eady 1949) and cannot 
be disputed. Therefore, to complete our analysis of type 
B sensitivity to vertical structure, we vary the config-
uration of the tropospheric thermal structure in the five-
layer model for a given set of stratospheric conditions. 
Specifically, two model sensitivity experiments are de-
scribed next that illustrate the quasigeostrophic role of 
FT and PBL anomalies in the development of 1000-mb 
model lows. These experiments are designed to eval-
uate the sensitivity of the instantaneous height anomaly 
Ht> x location b1, and height tendency Z,,1 at the center 
of the 1000-mb model low to vario.us tropospheric tem-
perature distributions. Toward ·this end, the thermal 
structure of the stratosphere is kept the same for each 
experiment in an attempt to isolate the effects of the 
troposphere. Consequently, when· interpreting the re-
sults, the tropospheric temperature distributions should 
be considered the independent variable, while H1, bt> 
and Z,,1 the dependent variables. 
a. Sensitivity to the thermal configuration of the free 
troposphere 
The results of Part I (see discussion of E4 in Part I) 
indicate a high degree of sensitivity of H1, b1, and Zvt 
to the magnitude and phase of the stratospheric tem-
perature anomalies for a given tropospheric condition. 
As expected from hydrostatic considerations (see 
HF9la), negative (positive) height anomalies are in-
duced underneath warm (cold) anomalies in the strato-
sphere, which eorrespond to positive (negative) tro-
popause PV anomalies. In particular, Hi is most (least) 
negative when the stratospheric warm pool is more-or-
less in (out of) phase with the warmest tropospheric 
air. [Bretherton (1966) shows that near-surface warm 
(cold) potential temperature anomalies are dynami-
cally equivalent to positive (negative) PV anomalies 
(see also Hoskins et al. 1985) .] The deepest 1000-mb 
low (in terms of instantaneous H1), however, is not the 
most rapid deepener. On the contrary, deepening occurs 
only when the stratospheric warm pool is over or just 
downstream of the tropospheric cold anomaly (de-
pending on the magnitude of the warm anomaly), 
which places the 1000-mb low just downstream from 
the upper-level warm anomaly. Significantly, a critical 
value of the stratospheric anomaly phase and magni-
tude exists for a given tropospheric structure, which is 
associated with rapid transitions to deepening. 
The first experiment (EXl) in Part II is similar to 
E4 in Part I except that the same optimal stratospheric 
thermal configuration for development (see Fig. 3 and 
discussion of E2 in Part I) is specified for each case 
while the magnitude and phase of temperature anom-
alies in the Ff are varied. Specifically, the vertical 
static stability s (Fig. 4a) and mean u-component wind 
U (and associated meridional temperature gradient) 
(Fig. 4b) profiles are the same as in Part I. The strato-
spheric harmonic temperature field (see Table 1 and 
Fig. Sa) is such that no temperature anomalies are pres-
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FIG. 4. (a) Vertical profile of static stability s ( 10-3 K mb-'), and 
(b) vertical distribution of the mean u component of the wind U 
(m s- 1) for EX!. 
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TABLE I. Values of the five-layer model parameters for EX!. 
L Latitude Pref U(P,e1) (beef B,er/L 
(km) (deg) (mb) (m s- 1) (m) (unitless) 
3000 40.0 25 3.5l 0.0 0.0 
pj U(P) T~1ip 6/L rj T~1,, J J (mb) (m s- 1) (K) (unitless) (K km- 1) (K km- 1) 
1000 0.00 variable variable 5.855 -0.011200 
350 26.05 variable -0.1847 5.855 -0.005000 
250 30.18 0.00 -0.1639 5.855 -0.003016 
200 31.80 -8.65 -0.1500 5.855 -0.001698 
50 21.63 0.00 -0.1500 5.855 0.006486 
25 3.51 0.00 -0.1500 5.855 0.010578 
200 mb the temperature anomaly increases to f 200 
= 8.6S K. (Positive values of t 200 refer to the magni-
tude of the 200-mb warm anomaly.) The TUL is lo-
cated between 200 and 3SO mb. In this layer, the tem-
perature anomaly begins to slope westward ( 81 is more 
negative) and its magnitude decreases to T250 = 0 K at 
250 mb. BelOw 250 mb the anomaly increases in the 
opposite sense to some variable value at 350 mb while 
continuing to slope westward with decreasing eleva-
tion. No PBL is present in EXl. Consequently, the Ff, 
that is, the region normally between the top of the PBL 
and the bottom of the TUL, is located between P 1 
= 1000 mb and P 2 = 3SO mb. In this layer, the ampli-
tude t, = 1'1000 = T350 of the harmonic temperature 
anomaly below 250 mb and the x location b1000 of the 
I 000-mb cold anomaly are varied such that progres-
sively warmer and colder anomalies are placed, re-
spectively, below the preexisting stratospheric cold and 
warm anomalies above 2SO mb (see Fig. Sa). Note that 
negative values oft, refer to the magnitude of the tro-
pospheric cold anomaly. As in Part I, the height devi-
ation fields are found by integrating the hypsometric 
equation downward from a 25-mb reference level 
where upon no harmonic height anomaly is present. 
The resulting sensitivities of H1, 81, and Zv1 (Figs. 
5b-d) to the variation of the Ff temperature anomalies 
is consistent with the sensitivities found in Part I, where 
a similar variation of the· stratospheric anomalies (see 
Fig. 13b in Part I) was examined. In particular, the 
instantaneous intensity of the 1000-mb low H1 (Fig. Sb) 
and its position 81 (Fig. Sc) are highly dependent on 
the slope of the tropospheric· thermal anomaly that is 
controlled by the position of the I QOO-mb temperature 
anomaly 61000 and its amplitude t,. For t, ,,,,, 0 K, the 
1000-mb low is directly underneath the stratospheric 
warm pool (01 ,,,,, -0.lSL). As t, decreases to t, 
,,,,, -6 K, H1 becomes less negative and 01 more positive 
at rates depending on 61000 . Hydrostatically, this is con-
sistent with the upper-tropospheric trough weakening 
and becoming horizontally displaced as the tropo-
spheric cold anomaly is encountered at progressively 
lower elevations. The 1000-mb low is shallowest (Hi 
least negative) when the combination of the phase and 
the amplitude of the tropospheric cold anomaly hydro-
statically offsets the warm anomaly in the stratosphere. 
For the configuration of EXI, this occurs when t, 
:=o;-6 K and 01ooo ,,,,, -0.125L. At these parameter 
values, the 1000-mb low is located at 81 ,,,,, -0. l L, 
which is just downstream of the stratospheric warm 
and tropospheric cold anomalies and results verti-
cally in a tropospheric cold-core system. As will 
be discussed shortly, this location is favorable for 
deepening but is sensitive to OIOoo· As t, is decreased 
beyond t, ,,,,, -6 K, H1 becomes more negative as the 
center of the 1000-mb low at 81 moves underneath the 
warmest air in the troposphere and the tropospheric 
trough takes on the character of a warm-core system. 1 
The sensitivity of the height tendency Zv1 at the center 
of the model 1000-mb low (Fig. 5d) shows interesting 
characteristics as well. Fort,~ -10 K, there is a dipole 
region of deepening and filling. In this region, east-
ward-sloping tropospheric cold anomalies ( Owoo 
~ -0.18 L) are generally associated with developing 
1000-mb lows. Conversely, westward-sloping anoma-
lies ( 0 1000 ;? -0. l 8 L) are generally nondeveloping ex-
cept for a small zone -0. lOL ;? Owoo ;? -0.18L that 
is a function oft,. As was found in Part I (see discus-
sion of E4 in Part I), there is a particular temperature 
anomaly amplitude ( t, ,,,,, -6.0 K) at which two inter-
esting changes occur simultaneously: I) there is a rapid 
transition to development as 81000 varies from approx-
imately -0. lOL to -0.11 L, and 2) the location of the 
1000-mb low moves rapidly eastward (Fig. Sc) to a 
location with favorable conditions for development 
(e.g., lower-stratospheric warm advection and positive 
differential vorticity advection downstream of the low 
portion of the tropopause undulation). Other temper-
ature anomaly amplitudes yield more gradual transi-
tions. Hence, in agreement with the findings of Part I, 
the results of EXl suggest that a nondeveloping situ-
ation can abruptly switch to a rapidly developing one 
for certain critical configurations of the tropospheric 
and stratospheric thermal ( PV) structures.2 The max-
imum positive and negative height tendencies (less 
than -4.0 and greater than +4.0 m h -i) in the dipole 
region are larger than the control height tendency (see 
the asterisk in Fig. Sd) found in the experiments de-
scribed in Part I in which t, = -S.O K and 01 000 
= -0.2S L. For the chosen stratospheric configuration 
1 We note that although the qualitative nature of the five-layer 
model results for all parameter values is consistent and well behaved, 
care must be taken in quantitatively interpreting the model results for 
very large parameter values (e.g., temperature anomaly amplitudes 
T) because of the potential invalidation of the quasigeostrophic as-
sumption. 
2 While we choose to describe our results in terms of mass field 
variables, it is important to keep in mind that the results could just 
as easily be presented in terms of vorticity or PV since the model is 
quasigeostrophic. 
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F10. 5. (a) Schematic cross section along y = 0 depicting the five-layer model configuration for EX!. The model levels are 
denoted by Pj,j = 1, · ·., 6; TUL is the tropopause undulation layer; Ff is the free troposphere layer; tj,j = I, · · ·, 6 are the 
harmonic temperature anomaly amplitudes at each model level Pj; and the dashed line and the warm and cold labels depict the 
vertical slope and the relative temperature structure of the harmonic temperature field, respectively. Arrows depict the change of 
the vertical slope of the harmonic temperature anomaly in EX!. (b) Five-layer model height anomaly H1 (m); (c) x location 01 
( unitless); ( d) height tendency Z.,1 ( m h - I) at the center of the model I 000-mb low as functions of the tropospheric temperature 
anomaly amplitude t, (K) and the x location of the 1000-mb cold anomaly 011,.,IL (unitless) for the conditions of EX!. ( e) As 
in ( d) except for the conditions of EX I without a tropopause undulation and associated lower-stratospheric temperature anomalies. 
In ( c), ( d), and ( e) the zero contours are highlighted by heavy solid lines, and in ( e) the position of the axis of maximum negative 
Z.,1 is denoted by a heavy long-dash line. The asterisk in ( b )- ( d) indicates the conditions of E2 in Part I. In ( c) and ( d) eastward-
and westward-sloping disturbances refer to the slope of the tropospheric temperature anomalies. 
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inEXl,T,= -6.0KandtSwoo= -0.175Lproducethe 
most favorable tropospheric configuration for devel-
opment. Note that t5w00 = -0.175L yields a slightly 
westward-sloping cold tropospheric anomaly. 
In Fig. 5d, the region where t, ~ -10 K shows in-
terestingbehavior as well. For t, Rj· -10 K, neutral to 
moderate deepening is found. For t, ~ -10 K, west-
ward-sloping cold anomalies result in large height ten-
dencies. Specifically, for t5w00 = 0.50L (large westward 
slope) and t, Rj - 20 K the negative height tendency 
at the center of the 1000-mb low is over 9.5 m h- 1 • 
This equates to a "boinblike" (see Sanders and 
Gyakµm 1980) deepening rate of almost 4 mb ( 3 h )- 1 • 
As noted above, further examination of these rapidly 
developing disturbances for t, ~ -13 K reveals that 
they are tropospheric "warm-core" systems. That is, 
the height anomalies decay with elevation in the tro-
posphere. Conversely, the disturbances in the dipole 
region are the more typical baroclinic cold-core sys-
tems wherein the largest height anomaly is situated di-
rectly below the lower~stratospheric warm anomaly. As 
was stressed in Part I, the presence of a tropopause 
undulation is crucial for the existence of such cold-core 
tropospheric disturbances. For example, Fig. 5e shows 
the results ofEXl without a tropopause undulation and 
the associated lower-stratospheric temperature anom-
alies. No hint of the tropospheric cold-core dipole pat-
tern is present. Obviously, however, the westward-
sloping, rapidly developing warm-core disturbances 
still exist. In fact, the deepening rates for these warm-
core disturbances with no tropopause undulation are 
larger than with one present (cf. Figs. 5d,e). This in-
dicates that the dynamics of such warm-core structures 
are different from the dynamics of the "typical" extra-
tropical cold-core cyclone. Unfortunately, although 
these warm-core disturbances merit more examination, 
further evaluation of their characteristics is beyond the 
scope of this study. 
b. Sensitivity to the configuration of the PBL 
As one might have expected, the. results of EX 1 sqow 
a sensitivity of the model 1000-mb low characteristics 
to changes in the. themial configuration of the tropo-
sphere. In EXl, the amplitude and slope of the tem-
perature anomalies were held constant throughout the 
model troposphere, that is, between P 1 and P2 • Of 
course, the temperature structure within the actual tro-
posphere is more variable. Vanous cross sections 
through developing cyclones often display temperature 
anomalies in the lower portion of the troposphere-
that 1s, within the PBL (e.g., see HF91c)-that have 
amplitudes and slopes different from that of the FT. 
Indeed, the observational case study findings reported 
in. HF91b suggest that the development of type B cy-
clones is enhanced by the proper superposition of up-
per-level temperature anomalies associated with tro-
popause undulations and these low-level anomalies. 
This conclusion agrees with the conceptual model of 
Hoskins et al. ( 1985) that is based on the proper su-
perposition of tropopause PV anomalies and PV anom-
alies that are associated with warm temperature anom-
alies near the surface. 
In. light. of this, the next sensitivity experiment 
(EX2) concentrates on.the developmental influences of 
low-level temperature anomalies given the presence of 
a deep fayer of baroclinicity above .. In EX2, the optimal 
conditions for development in E2 of Part I are held 
constant not only in the stratosphere (as was the case 
in EX 1 ) but also in the FT between 350 and 850 mb 
(see Figs. 3 and 6a), while the location and magnitude 
of the temperature anomaly between 850 and 1000 mb 
(the PBL) are varied. The PBL anomaly is defined such 
that the amplitude T850 of the harmonic temperature 
anomaly at 850 mb and the x location '5850 of the 850-
mb cold anomaly are held fixed at T850 = -'-5 K and 
'5850 = -0.24L, respectively; while the amplitude Twoo 
of the 1000-mb harmonic temperature anomaly and the 
x location '5 1000 of the 1000-mb cold anomaly are varied 
(see Fig. 6a). Hence, the maximum departure of the 
PBL ·thermal configuration from that of the free tro-
posphere occurs at 1000 mb. 
Similar to the results of EXI, the instantaneous in-
tensity H 1 (Fig. 6b), x location t51 (Fig. 6c) and height 
tendency Zv1 (Fig. 6d) of the 1000-inb low are depen-
dent on the slope of the PBL thermal anomaly given 
by tS 1000 and its amplitude f 100o. The FT thermal anom-
alies are held constant such that the cold (warm) anom-
aly is situated basically underneath the stratospheric 
warm (cold) anomaly (see Fig. 6a). Under these cir-
cumstances, H, becomes most (least) negative for a 
given fwoo when '51000 is such that the 1000-mb thermal 
anomalies are more or less out of phase with the FT 
thermal anomalies (warm Fr over cold PBL and cold 
FT over warm PBL) and in phase with the stratospheric 
anomalies. Maximum (minimum) negative valiies of H1 
occur wh.en t5w00 ""' -0.SL ('51000 ""' 0.125L), although 
the.axis of minimum (and by analogy maximum) neg-
ative H 1 is a slight function Of fwoo· From the top-down 
hydrostatic perspective presented in HF9la, the inten-
sity of a low is dependent not only on the magnitude 
but also on the logarithmic depth of the warm anomaly 
above it. Hence, the relative shallowness of the PBL 
compared to the FT explains why the sensitivity of H1 
to the variation of the PBL thermal anomalies in EX2 
is not as large as in the case of the FT anomaly variation 
in EXl (cf. Figs. 5b and 6b). 
Another element of the top-down hydrostatic per-
spective is that the instantaneous location of a low will 
be under the relatively warmest column of air and, fur-
thermore, that the low will tend to move or be 
''steered'' toward the columri that is warming most 
rapidly. The relative insensitivity of t51 .to the shallow 
PBL variations (Fig. 6c) is consistent with this since 
the location of the 1000-mb low. is relatively tightly 
confined (-0.lL,;;:; t51 ,;;:; 0.lL) in a cold-core config-
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FIG. 6. (a) As in Fig. 5a except for the conditions of EX2. PBL is the planetary boundary layer. (b) Five-layer model height 
anomaly H1 ( m); ( c) x location 81 ( unitless); ( d) height tendency Z,,, ( m h _,) at the center of the model 1000-mb low as functions 
of the 1000-mb temperature anomaly amplitude t"'"' (K) and the x location of the 1000-mb cold anomaly 81oo.i1L (unitless) for 
the conditions of EX2. In (b ), the short-dash line denotes the position of minimum negative H,. In ( c), the dash-dot line indicates 
the axis of maximum positive 81• In (d), the position of the axis of maximum negative 2,,1 is denoted by a heavy long-dash line. 
In ( c) and ( d), zero contours are highlighted by heavy solid lines, and the asterisk in ( b) - ( d) indicates the conditions of E2 in 
Part I. 
uration downstream of the deeper warm (cold) strato-
spheric (FT) anomaly. (Note that the fixed 200-mb 
warm anomaly is located at x = -0.15L.) As will be 
shown to be important, shortly, however, the position 
of the low does show a tendency to move increasingly 
eastward (toward positive x) with decreasing Ttooo for 
1000-mb cold anomalies that are -0.5L ~ b1000 
~ 0.05L (more or less in phase with the FT cold anom-
aly) and increasingly westward (toward negative x) 
with decreasing t 1000 for 1000-mb cold anomalies that 
are -0.05L ~ Dtooo ~ 0.5L (more or less out of phase 
with the FT cold anomaly). For a given t 1000 , the low 
moves increasingly eastward as the 1000-mb cold 
anomaly shifts eastward ( 81000 less negative). This east-
ward movement of the low continues until the I 000-
mb cold anomaly shifts eastward past a critical location 
( -0.25L ~ 81 000 ~ -0.125L) that is a function of T1000 • 
The axis of maximum positive b1 in Fig. 6c defines the 
farthest eastward movement of the 1000-mb low for a 
given T1rxJO· Once the 1000-mb cold anomaly has pro-
gressed past this critical location, the low shifts west-
ward again as the 1000-mb cold anomaly continues to 
move east and the I 000-mb warm anomaly approaches 
from the west. 
Clearly, the sensitivity of the location of the low b1 
to PBL variation (Fig. 6c) is well correlated with the 
instantaneous deepening rate at its center 4 1 (Fig. 6d). 
In particular, increasing the temperature anomalies in 
the lower troposphere (decreasing Twoo) tends to inten-
sify the deepening rate at the center of the 1000-mb 
model cyclone over a wide range of 8HJOO values (Fig. 
6d). For PBL anomalies with 81000 P O.lOL there is a 
threshold T1rxJO at which negative height tendencies shift 
to positive height tendencies. Similar to the axis of far-
thest eastward movement (see Fig. 6c), the axis of 
maximum deepening rate is also a slight function of 
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8woo· As t 11XJ1J decreases, the most rapid deepening oc-
curs for PBL cold anomalies that are located increas-
ingly farther east ( 8w00 less negative) relative to the 
lower-stratospheric warm anomaly. 
Upon further examination of these results, it is found 
that the primary effect of PBL temperature anomalies 
in the model is to hydrostatically shift or steer the po-
sition of the 1000-mb low relative to a more or less 
constant 1000-mb height tendency pattern. As t 11XJ1J de-
creases for 811XJ1J ~ 0.05, the x location 81 of the 1000-
mb low becomes slightly more positive (Fig. 6c) and 
more toward the 1000-mb height fall center near x 
= 0.20L (not shown). In addition,for a given strato-
spheric and FT temperature configuration, and for a 
given PBL temperature anomaly amplitude t 1000 , there 
is an optimal x location 8 1000 of the P BL cold anomaly 
that shifts the 1000-mb low into a region having the 
most favorable instantaneous guasigeostrophic dynam-
ics for development (i.e., the region with the largest 
.41). As t 11XJ1J decreases, this optimal value of 811XJ1J is 
progressively farther east (8w00 less negative), relative 
to the 200-mb warm anomaly. 
Significantly, the presence of the PBL anomalies 
does not appreciably alter the x location or magnitude 
of the maximum 1000-mb height tendencies. For the 
configurations of EX2, the values of the maximum 
1000-mb height tendency range only between 8.5 and 
11.5 m h - i (not shown). In contrast to this result, sim-
ilar variations in the configuration of the FT ( 1000-
350 mb) or the TUL ( 350-200 mb) produce values of 
maximum 1000-mb height tendency that range from 
5 .0 to 65 m h - i . In addition, the x location of the 1000-
mb height tendency maximum is sensitive to changes 
in the free troposphere or the TUL. 
The results of EX2 suggest that cyclogenesis is af-
fected by the depth of baroclinic layers. Consequently, 
baroclinicity in the free troposphere and lower strato-
sphere may be more important to the quasigeostrophic 
dynamical processes that lead to instantaneous low-
level height or pressure change than the baroclinicity 
in the PBL. That is, the presence of enhanced but shal-
low PBL anomalies do not appear to significantly alter 
the instantaneous quasigeostrophic height tendencies 
generated by the deep atmosphere. Such PBL anoma-
lies do appear to be important, however, because they 
can hydrostatically shift or steer the location of low-
level cyclone centers. If the center is shifted to a lo-
cation near where the deep atmosphere is producing 
the maximum height fall tendencies, then rapid deep-
ening of the storm center may ensue. For example, low-
level cold anomalies such as damming ridges along the 
east coast of the Appalachians (Forbes et al. 1987; Bell 
and Bosart 1988; Fritsch et al. 1992) may not enhance 
the development of coastal cyclones by simply increas-
ing the baroclinicity between the ocean and land. 
Rather, a cold-air-damming anomaly can force a rapid 
shift eastward of an eastward-propagating low-level 
cyclone center to a location where there are more fa-
vorable development processes driven by the deep 
baroclinic atmosphere above. Such a shift would give 
the appearance of a sudden, rapid deepening. 
4. Instantaneous dynamics 
The results of EX l and EX2 complement the find-
ings of Part I and other studies (e.g., Hoskins et al. 
1985; Thorpe 1986; Farrell 1989; Rotunno and Fantini 
1989; Warenfeltz and Elsberry 1989; Bleck 1990) that 
show type B cyclogenesis to be sensitiv'e to the phase 
and amplitude relationship between upper- and lower-
level perturbations. Moreover, the five-layer model ex-
periments confirm that there are optimal stratospheric 
and tropospheric anomaly configurations that result in 
the most rapid instantaneous cyclogenesis. A logical 
issue to address next is the mechanisms by which these 
finite-amplitude configurations produce development. 
According to baroclinic instability theory (Charney 
1947; Eady 1949), cyclogenesis should occur for per-
turbations that can convert available potential energy 
of the mean flow to disturbance kinetic energy (see also 
Farrell 1985, 1989). In a more robust context, Hoskins 
et al. (1985), Thorpe (1986), Rotunno and Fantini 
( 1990), Davis and Emanuel ( 1990), and Bleck ( 1990) 
portray type B cyclogenesis as a mutual amplification 
of separate potential vorticity perturbations located at 
the ground and near the tropopause. According to this 
"PV thinking" framework, development will occur 
when upper and lower PV anomalies are configured so 
as to "induce" reinforcing circulations at lower and 
upper levels, respectively. From the traditional synoptic 
perspective, upon which this study is based, conditions 
for cyclogenesis are those that produce near-surface 
height (pressure) falls at the center of a cyclone. 
Clearly, the dynamics that drive pressure and height 
tendency are consistent with and implicitly contained 
within theoretical constructs such as PV thinking. Nev-
ertheless, it is insightful to examine the mechanisms of 
height tendency in order to glean descriptive and dy-
namical links between these theoretical formalizations 
and more classic synoptic development concepts. For 
example, HF91a,b construct a hydrostatic explanation 
for the inducement of low-level cyclones by super-
posed PV anomalies by using a top-down approach to 
understand height tendency during type B cyclogenesis 
(see also Hirschberg and Fritsch 1993b; hereafter re-
ferred to as HF93b). This approach or reasoning is con-
tingent on the existence of a stratospheric level of in-
significant dynamics (LID) where the height (pres-
sure) tendency may be considered negligible on the 
scale of the cyclone (HF91a,b; Hirschberg and Fritsch 
1992; hereafter referred to as HF92; HF93b). Accord-
ing to top-down height tendency reasoning, low-level 
height (pressure) falls are attributed to local warming 
below the LID. Hence, as confirmed analytically in Part 
I and in EXl and EX2, lower-tropospheric cyclones 
can be hydrostatically induced underneath stratospheric 
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warm pools situated above the low portion of a tropo-
pause PV anomaly (Bell and Bosart 1993) and also 
under warm anomalies in the troposphere. Conse-
quently, mechanisms that act to warm the atmosp~ere 
above developing cyclones such as warm advect10n, 
especially lower-stratospheric warm advection (see 
Boyle and Bosart 1986; HF91a,b; Hirschberg and 
Langland 1991; Jusem and Atlas 1991; Lupo et al. 
1992; Martin et al. 1993) in association with an am-
plifying PV anomaly, can therefore act to deepen low-
level cyclones. 
In this section we analyze the mechanisms of height 
tendency in three, five-layer model cases from the per-
spective of top-down height tendency reasoning ( ~ee 
HF93b). To perform this analysis, we use a dry version 
of the height tendency equation developed for the ob-
servational case analysis reported in HF9lb (see also 
HF93b and Roebber 1993). This equation, 
8z(p) R JP•op ( "T )d l + 8z(Pwp) 
-- = - -v· v + ws np , 
8t g p 8t 
(1) 
where s is the static stability given by 
T80 
s= ---
0 8p' (2) 
is based on the vertical integration of the model local 
temperature tendency (T, = 8T/at), which is assumed 
to consist of temperature advection (Ta = -v · 'VT) and 
adiabatic heating (cooling) (Tw = ws). In (1), P,op is 
the top reference level, which was assumed to be a LID 
in the case study. As will be shown, the use of ( 1 ) with 
analytic model fields provides physical insight into how 
horizontal temperature advection and adiabatic heating 
contribute to the three-dimensional field of height ten-
dency and enables a comparison between observational 
and model tendencies. The efficacy of ( I ) is demon-
strated in Fig. 7, which compares a profile of Z, cal-
culated using ( l) with the model-generated Ta, Tw, and 
Z,, (p = 50 mb) fields and the downward integration 
procedure outlined in HF9 lb to the height tendency 
profile Zu that the model generates by means of the 
quasigeostrophic vorticity equation. Clearly, the profile 
of Z, is equivalent to the Z,, profile, which suggests as 
HF93 point out, that the dynamics that combine to pro-
duce Z,, (vorticity advection and divergence) must be 
reflected in the integrated local temperature tendencies 
as well. Consequently, ( 1) can be used to accurately 
assess the instantaneous three-dimensional patterns of 
geopotential height tendency if the three-dimensional 
field of local instantaneous temperature tendency is 
available and a reasonable upper-boundary condition is 
provided. 
a. Analysis of the most rapidly developing case 
The first analysis (Al) is performed on the five-layer 
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FIG. 7. Vertical profiles of Z,, (m h- 1 , solid) obtained from the 
five-layer model quasigeostrophic vorticity equation and z,.(m h-', 
dashed) obtained from the top-down height tendency equatwn ( I ) . 
for development in EXl,-that is, the configuration 
that results in the largest height fall Z,,1 at the 1000-mb 
model cyclone center. Figure 8a depicts a cross section 
along y = 0 of the deviation height and temperature 
fields for this case. In the cross section, relatively large 
model stratospheric temperature anomalies lie slightly 
east (toward positive x) and above temperature anom-
alies of opposite sign below 250 mb in the model tro-
posphere. The model tropopause is placed along the 
axis of coldest air above 400 mb (see HF9 la,b,c) and 
the geopotential height ridge and trough axes generally 
slope westward with elevation. At 1000 mb, the lowest 
height is just east of the eastern edge of upper-level 
warm anomaly. 
The vertical structure of the temperature advection 
Ta and adiabatic heating Tw patterns for this model case 
can be seen in Fig. 8b. In general, these model Ta and 
Tw patterns compare well with the corresponding pat-
terns found during the early stages of the observed cy-
clone case reported in HF9lb. Specifically, a tilted 
four-cell structure in the model Ta pattern is evident. 
Large values of model stratospheric warm advection, 
between 300 and 50 mb, lie almost directly above the 
1000-mb low. This area of warm advection is above 
and east of the base of the model tropopause undulation 
(positive PV anomaly). Conversely, an area of cold 
advection lies above and west of the base of the un-
dulation. Below 250 mb, model tropospheric cold and 
warm advections generally underlie the model strato-
spheric warm and cold advections, respectively. Sig-
nificantly, the upper-level warm advection is slightly 
east of the upper-tropospheric cold advection and the 
values of the stratospheric advection are larger than the 
advection values in the troposphere. Similar to the case 









FIG. 8. (a) Five-layer model cross sections along y = 0 depicting 
deviation height (m, solid) and deviation temperature (K, dashed) 
for the conditions of A 1. The positions of the tropopause and trough 
and ridge axes are denoted by heavy solid lines; the 1000-mb low is 
denoted by an L. The height contour interval is 25 m, and the tem-
perature contour interval is I K. (b) Five-layer model cross section 
along y = 0 depicting Ta ( 10- 1 K h- 1 , solid) and T.., ( 10- 1 K h- 1 , 
dashed) for the conditions of A 1. The positions of the Z, fall (largest 
negative Z,) and Z, rise (largest positive Z,) axes are denoted by dash-
dot lines, and the positions of the zero Z, axes are denoted by heavy 
dashed lines. The heavy solid line indicates the model tropopause, 
and L indicates the 1000-mb low. 
study analysis, the eastern edge of the upper-tropo-
spheric cold advection overlaps the western side of the 
lower-tropospheric warm advection. 
Not surprisingly and again consistent with observa-
tions, the model lower-stratospheric cooling (warm-
ing) Tw due to vertical motion is generally occurring 
where there is lower-stratospheric warm (cold) advec-
tion Ta (Fig. 8b). An area of large cooling owing to 
vertical motion near 350 mb lies below the warmest 
advection and slopes eastward with decreasing eleva-
tion. The location of the maximum cooling by vertical 
motion below the maximum warm advection near 200 
mb is contrary to the case study analyses that show both 
the Ta and Tw maxima to be located near 200 mb. The 
discrepancy between observations and this model result 
will be addressed shortly. 
Significantly, the values of the model lower-strato-
spheric Ta are larger than those for Tw. The location of 
the model-generated zero and maximum rise and fall 
height tendency (Z, = Zu) axes in the cross section 
shows that the lower-stratospheric advections are dom-
inating the temperature changes due to vertical motion. 
Analogous to the case study findings in HF9 lb, height 
falls are found underneath the upper-level warm ad-
vection despite tropospheric cooling due to both Ta and 
Tw. The maximum height fall axis, for example, runs 
directly through the lower-stratospheric area of warm 
advection and then slopes eastward with decreasing el-
evation. Furthermore, the axes of zero height tendency 
basically separate regions over which lower-strato-
spheric advections of either sign are occurring. At 1000 
mb, maximum height falls lie directly underneath the 
overlap region of lower-stratospheric and lower-tro-
pospheric warm advection. 
The profiles of the temperature advection Ta, the adi-
abatic heating Tw, the local temperature tendency T,, 
and the corresponding profile of local height tendency 
Z, above the 1000-mb height fall maximum (Figs. 
9a,b) show the relationship between the temperature 
and height tendencies more clearly. These profiles 
show that warming due to advection is dominating the 
cooling due to vertical motion above 250 mb. Between 
250 and 850 mb, however, cooling by vertical motion 
is dominating T,. Below 850 mb, warming due to ad-
vection is again dominating T,. The profile of model-
generated Z, shows the dramatic increase of negative 
height tendency in the upper portion of the column as-
sociated with the large warming. Notice that model-
generated height tendencies Z, = Z0 at 50 mb (the ref-
erence height tendency) are virtually nonexistent. This 
result suggests that the stratospheric LID assumption 
[Z,( P1) =OJ discussed inHF9la,b, HF92, and HF93b 
is not unrealistic. Below 250 mb, the negative height 
tendencies decrease down to 850 mb and then increase 
once more. Similar profiles above the 950-mb height 
fall maximum were found in the observed case (see 
HF9 lb). Unlike this model case, however, the ob-
served case analysis showed that warm advection was 
dominant throughout a larger tropospheric layer as well 
as in the stratosphere. Consequently, there was a much 
larger Z, maximum at the bottom of the column. 
The profiles of the temperature and height tendencies 
above the 1000-mb model low (Figs. 9c,d) and the 
observed surface low in HF9 lb (not shown) are very 
similar as well. These model profiles show large lower-
stratospheric warm advections that dominate cooling 
due to vertical motion. The values of warm advection 
over the 1000-mb model low are larger than the values 
over the 1000-mb height fall maxima, as was the case 
in HF9l. Unlike the profile above the model height fall 
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FIG. 9. Vertical profiles of (a) T,, ( 10-1 K h- 1, solid), Tw ( 10- 1 K h- 1 , dashed), T, (lo- 1 K h- 1 , dash-
dot-dot); and ( b) Z., ( m h - ', solid), Z, ( m h - i, dashed) for the conditions of A I at the position of the 
I 000-mb height fall maximum (largest negative I 000-mb Z,). Profiles in ( c) and ( d) are as in (a) and ( b), 
respectively, except at the position of the 1000-mb low center. 
maximum, cooling owing to both advection and verti-
cal motion is present throughout the entire troposphere. 
Nevertheless, the profile of Z, in Fig. 9d shows that the 
height tendencies from the upper-level warming easily 
compensate for the tropospheric cooling. Notice that 
there are height falls from 50 mb down to the level 
where cooling becomes evident at 250 mb. Below this 
point the height falls diminish but never switch to 
height rises. In agreement with observational analyses 
in HF9 lb, the height tendency at the center of the I 000-
mb low is negative despite the fact that the lowest 750 
mb of the model column is experiencing cooling. 
b. Effects of the mean static stability distribution 
In Part I, it was shown that the deepening rate of the 
1000-mb low and the vertical motions in the TUL are 
sensitive to the static stability values in the model tro-
posphere (see discussion of ES in Part I). Specifically, 
the 1000-mb height tendencies and the maximum de-
scent (ascent) west (east) of the 200-mb warm anom-
aly increased as the tropospheric static stability was 
decreased. These results corroborated some of the case 
study results and aspects of the conceptual model pre-
sented in HF9 lb. Specifically, the case study analysis 
showed that low-level height falls and the tropopause 
undulation intensified as the lower-stratospheric warm 
advection and the vertical motion pattern began to 
override less stable lower-tropospheric air. These in-
tensifications were hypothesized to be a consequence 
of less tropospheric cooling and an intensification of 
the lower-stratospheric vertical motions owing to de-
creasing static stability in the troposphere. We next an-
alyze the effect of the static stability distribution on the 
height tendencies within the context of this hypothesis 
by varying the static stability distribution of the optimal 
case analyzed in Al to more realistic "warm-sector" 
values. 
In A I, a Sanders (1971 ) static stability distribution 
was used such that the layer-mean lapse rater = 5.86 
K km- 1 and layer-mean temperature Tm = 250 K are 
constant throughout the depth of the model atmosphere 
(Fig. 4). Note that the static stability sis a function of 
Tm and (rd - r) in the five-layer model (see HF91c 
for details). Certainly, the Sanders's stability distri-
bution is not representative of stratospheric conditions 
nor tropospheric conditions in the warm sectors of cy-
clones ( Carlson 1991 ) . In the second analysis ( A2) the 
conditions of Al are simulated again but with very low 
static stability between 1000 and 250 mb (r = 9.0 
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K km~ 1 and Tm= 300 K) and very high stability above 
250 mb (r = 0.0 K km- 1 and Tm = 210 K). Although 
these values of r and f m are extreme, the jump in static 
stability (Fig. lOa) is representative of conditions in 
the warm sector of observed cyclones where the tem-
perature distribution and th.e effects of moisture often 
produce low values of tropospheric stability (see 
HF9lb). 
Figure 1 Ob compares the vertical profile of omega 
above the 1000-mb height fall maximum for Al and 
A2. Not surprisingly, the tropospheric vertical motions 
in ·the less stable· troposphere and more stable strato-
sphere case A2 are much larger than in Sanders case 
Al. The level of maximum vertical moti.on is also 
higher in A2. Significantly, the upward motion is larger 
in the model tropopause layer (between 350 and 200 
mb) in A2. Since the stratospheric stabilities are larger 
in A2, this intensification of upward motion strengthens 
cooling. owing to ascent in the lower stratosphere (cf. 
Figs. 8b and 11 a). Conversely, cooling in the model 
troposphere decreases as a result of lower stability be-
low 250 mb despite a significant increase in upward 
vertical motion. Herice, the differential tropospheric-
stratospheric static stability structure in A2 results in 
an upward shift of the maximum cooling owing to ver-
tical motion. 
Comparison of the profiles of temperature tendency 
above the 1000-mb height fall maxima in Al and A2 
(cf. Figs. 9a and 11 b) shows this more clearly. Both 
sets of profiles share similar vertical distributions of 
temperature advection Ta. The small difference in the 
two Ta profiles comes from the fact that the 1000-mb 
height fall maximum in A2 is shifted slightly west of 
the maximum in Al. Notice that there is also a slight 
amount of cold .advection between 425 and 325 mb 
over the 1000-nib height fall maximum in A2 (Fig. 
llb). This cold advection is not present in Al (Fig. 
9a). More Importantly, the A2 profile of adiabatic heat-
ing T w shows more cooling above 300 mb than in the 
corresponding Al profile. This ,is because the lower-
stratospheric upward motion is stronger in A2 and it is 
also in a more stable environment. Notice also that the 
peak in Tw cooling is located at the same level as the 
peak in Ta warming. This is in contrast to the A 1 profile 
(Fig. 9a) and compares well with the observed profiles 
in HF9la. Conversely, tropospheric cooling by vertical 
motion is less in A2. Consequently, comparison of the 
profiles of local temperature tendency T, for Al and A2 
shows that although warming is still dominant above 
300 mb in A2, it is less intense than in Al. Local cool-
ing below 300 mb is, however, less also. Hence, com-
parison of the local height tendency Z, profiles for A 1 
and A2 (cf. Figs. 9b and 11 c) shows that the upper-
level negative height tendencies in A2 artt less than 
those in Al because of less total lower-stratospheric 
warming. But, since the troposphere is cooling at a 
lesser rate in A2, the large lower-stratospheric negative 
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FIG. JO. (a) Vertical profile of static stability s ( 10-3 K mb- 1) for 
the conditions of AZ, and (b) vertical profile of w ( 10-1 µb s _,) at 
the position of the 1000-mb Z, fall maximum (latgest negative 1000-
mb Z,) center for the conditions of AZ (solid) and for the conditions 
of Al (dashed). 
through the troposphere. Thus, the height tendency 
maxima at 1000 mb in A2 is larger than in Al. Similar 
comparisons are found between the profiles of T,,, Tw, 
T,, Z, above the 1000-mb lows for Al and A2 (not 
shown). These analyses suggest that in situations with 
relatively lower tropospheric stability, the height fall 
tendencies in the lower troposphere are larger because 
tropospheric cooling via primarily vertical motion is 
less able to compensate for the large warming in the 
stratosphere. These results may help to explain the con-
tention that· deep cumulus convection accelerates the 
development of extratropical cyclones (e.g., Tracton 
1973). Relative to synoptic-scale dry-adiabatic ascent, 
deep moist .convection more quickly transports low-
level air to high levels and it does so with much less 
cooling. Moreover, the convection detrains large 
amounts of moisture to the large-scale environment and 
therefore accelerates the conversion of large-scale dry 
ascent to saturated ascent (see Gamache and Houze 
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FIG. 11. (a) As in Fig. 8b except for the conditions of A2. (b) As in Fig. 9a except for the conditions of 
A2. (c) Vertical profile of Z, ( 10-1 m h- 1 ) for the conditions of A2 at the position of the 1000-mb Z, fall 
maximum (largest negative 1000-mb Z,) center. 
1983) _ Together, these factors reduce the cooling by 
vertical motion and therefore accelerate the rate of 
height falls. 
The decrease of tropospheric stability and increase 
of stratospheric stability in A2 also has the effect of 
intensifying the tropopause undulation (not shown) 
and its accompanying temperature anomalies through 
the action of stronger descent (ascent) west (east) of 
the lowest portion of the undulation. According to the 
conceptual model, outlined in HF9lb, the intensifica-
tion of the upper-level temperature anomalies would, 
subsequently, enhance the lower-stratospheric horizon-
tal advections and consequently the deepening process. 
c. Analysis of an occluding cyclone 
According to top-down height tendency reasoning, 
the occlusion process-that is, the vertical stacking of 
the surface low with the tropospheric trough system-
occurs as the progressive warming of the stratosphere 
and cooling of the troposphere causes the warmest col-
umn of air to be located more directly underneath the 
stratospheric warm pool. In support of this, the results 
of Part I, show that the x location 01 and the value of 
the height anomaly H1 of the model 1000-mb low are 
sensitive to the amplitude of tropopause undulations 
(thickness of the TUL). Furthermore, those results sug-
gest that the deepening rate of the 1000-mb low Z,,1 
maximizes at a critical undulation amplitude for a 
given model configuration. As the undulation ampli-
tude is increased beyond this critical value, the 1000-
mb low is progressively located more directly under-
neath the lower-stratospheric warm pool, the negative 
height anomaly of the low center increases, and its 
deepening rate decreases. 
In Al, the 1000-mb low was located almost directly 
under the strongest lower-stratospheric warm advec-
tion. For the configuration in Al, this was the most 
conducive location for the development of the low. To 
evaluate the dynamics associated with the occlusion 
process more thoroughly, a final analysis is performed. 
In this analysis ( A3), the same basic temperature and 
static stability configuration of Al is reproduced except 
that the thickness of the TUL is enlarged. Specifically, 
the bottom level of the TUL is lowered to 500 mb, the 
middle level is lowered to 350 mb, and the top level is 
held fixed at 200 mb. The other model parameter values 
are not changed. This TUL configuration duplicates 
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the largest undulation amplitude of experiment E3 of 
Part I. 
Figure l 2a shows a cross section of the deviation 
height and temperature pattern that results from this 
model configuration. Comparison of this figure with its 
counterpart for Al (cf. Figs. 8a and 12a) shows the 
enlargement of the tropopause undulation and the 
thickness increase (decrease) of the lower-strafo-
spheric (tropospheric) temperature anomalies. Signif-
icantly, while the value of H1 is more negative in A3 
than in Al (H1 "" -40 min Al and H 1 "" -100 m in 
A3), the westward slope of the height deviations with 
elevation is less. Notice that the 1000-mb low in A3 is 
well back underneath the lower-stratospheric warm 
anomaly, whereas the low in Al is east of the upper-
level warm anomaly and underneath the western edge 
of the tropospheric warm anomaly. This change in the 
structure of the height pattern between Al and A3 is a 
direct consequence of the increase. in depth of the up-
per-level temperature anomalies in A3 and resembles 
the observed temperature and height pattern evolution 
reported in HF9la,b. 
Comparison of the cross sections of temperature ad-
vection Ta and adiabatic heating Tw for Al and A3 (cf. 
Fig. 8b and Fig. 12b) shows that corresponding to the 
amplification of the tropopause undulation in A3 is an 
increase in the depth of the layer in which upper-level 
cold and warm advections exist on either side of the 
base of the undulation. In A3, the upper-level advec-
tions are in phase with the low-level advections. For 
example, the large layer of warm advection east of the 
low portion of the undulation is almost directly over 
tropospheric warm advection below 500 mb. The in-
tensification and movement of the tropospheric advec-
tion pattern relative to the upper-level pattern from Al 
to A3 is a consequence of the intensification and rela-
tive movement of the tropospheric height pattern un-
derneath the upper-level temperature anomaly in A3. 
That is, the geostrophic circulation and, hence, the tro-
pospheric temperature advections are larger in A3 for 
a given tropospheric temperature field since the tro-
pospheric height anomalies are larger. In the atmo-
sphere, where the background temperature field is not 
necessarily horizontally homogeneous or temporally 
invariant, the tropospheric advections may actually de-
crease as the surface low migrates underneath the 
lower-stratospheric warm pool. Not surprisingly, in 
light of the temperature and height configuration in A3, 
the height fall and rise axes, in Fig. 12b run almost 
directly through the vertically stacked warm and cold 
advection centers, respectively, despite increases in the 
cooling and warming due to vertical motion in A3 as 
compared with that in Al (cf. Figs. 8b and 12b). Note 
that the level of maximum Tw is lower in A3 as well. 
Comparison of the profiles of the temperature advec-
tion Ta, the adiabatic heating Tw, and the local temper-
ature tendency T, for Al and A3 (cf. Figs. 9a and 13a) 
shows this increase of Ta and Tw over the 1000-mb 
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FIG. 12. As in Fig. 8 except for the conditions of A3. The positions 
of the I 000-mb low and high are denoted by an L and H, respec-
tively. 
height fall maximum in A3. The total lower-strato-
spheric and lower-tropospheric warming is more in-
tense and exists over deeper layers in A3. Hence, the 
profile of local height tendency Z, for A3 (cf. Figs. 9b 
and 13b) shows larger height falls at 1000 mb despite 
more intense midtropospheric cooling than in A 1. 
A significant result is that the tropospheric trough 
axis and the 1000-mb low are well upstream (west) of 
the largest temperature advections and height falls in 
A3 (Fig.12b). Therefore, a thicker stratospheric warm 
column may have a correspondingly larger negative 
height anomaly at the 1000-mb low center under the 
column, but its deepening rate tends to be less. This is 
similar to the case study analysis in HF9 lb, which 
showed that during the latter stages of development, 
that is, the occluded stage, the surface cyclone was un-
derneath the base of the tropopause undulation and well 
west of the most intense stratospheric and tropospheric 
warm advections. Additionally, vertical motions over 
the low diminished as the region of strong ascent mi-
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F!G. 13. As in Fig. 9 except for the conditions of A3, and in (b) and (d), 
the profiles of Z., are not presented. 
grated eastward along with that for the lower-strato-
spheric warm advections. Therefore, relatively small 
local temperature and height tendencies were observed 
over the vicinity of the surface low. The model cross 
section (see Fig. l 2b) and the profiles of Ta, Tw, T,, 
and Z, (see Figs. 13c,d) for the occluding model low 
in A3 depict small values of temperature and height 
tendency above the 1000-mb model low as well. In-
deed, comparison of these profiles with those for the 
most rapidly developing case in Al (cf. Figs. 8c,d and 
Figs. l 3c,d) shows decreases in the values of the ten-
dencies above the low. 
As in the previous two analyses, the conclusions 
drawn from A3 complement the observations and ver-
ify aspects of the conceptual model presented in 
HF91 b. Most significantly, occlusion appears to be a 
process whereby the progressive stratospheric wann-
ing that occurs as the tropopause undulation amplifies 
results in the relative movement of the suiface low to 
a position underneath the base of the tropopause un-
dulation, -that is, under the deepest and warmest 
stratospheric layer over a tropopause PV anomaly. De-
spite the fact that the occluding stage is simulated only 
by changing the characteristics (thickness) of the TUL, 
the analysis indicates that the advections and vertical 
motions significantly diminish over the low as the pro-
cess occurs. Consequently, further development of the 
surface low slows and eventually will cease. Down-
stream, however, relatively large height falls are found 
where upper- and lower-level advections overlap. Ac-
cording to the conceptual model, the occlusion process, 
without any influx of less stable air, also results in a 
slowing and eventual cessation of the amplification and 
intensification of, respectively, the undulation and its 
accompanying temperature anomalies. Farther down-
stream, however, development may be renewed if the 
undulation encounters more favorable tropospheric en-
vironments. 
Needless to say, the five-layer model does not rep-
resent the decay process completely. A more detailed 
examination of A3 indicates that the maximum height 
tendencies east of the 1000-mb low continue to in-
crease as the undulation amplifies. This phenomenon 
appears to be the result of the horizontally homogene-
ous temperature gradients in the model. That is, the 
horizontal circulation intensifies as the 1000-mb low 
migrates westward underneath the lower-stratospheric 
warm pool. Since the temperature gradients do not de-
crease as this occurs [as they normally do in the real 
atmosphere (e.g., Carlson 1992)], lower-tropospheric 
temperature advections intensify as well. Conse-
quently, although the advections over the 1000-mb low 
decrease, the negative height tendencies continue to in-
crease in magnitude under the overlap region of upper-
stratospheric and tropospheric warm advection east of 
the low. In the atmosphere, the warm tropospheric ad-
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vections often diminish as low-level cyclones occlude. 
This decrease in the influx of warm, less stable air puts 
a brake on the development process as do frictional and 
other nonquasigeostrophic processes, which are not 
present in the model. 
5. Summary and conclusions 
A five-layer analytic quasigeostrophic model was 
used to investigate type B cyclogenesis. Specifically, a 
series of experiments were performed to evaluate the 
sensitivity of the model height, vertical motion, and 
height tendency patterns to various vertical structures 
defined by the temperature field. The results of Part I, 
which focused on the role of the stratosphere, indicated 
that idealized tropospheric cold-core baroclinic sys-
tems do not show observed characteristics unless cer-
tain temperature (and corresponding wind) anomaly 
configurations associated with tropopause undulations 
( PV anomalies) are present. Moreover, for given tro-
pospheric temperature configurations, there are partic-
ular lower-stratospheric temperature configurations 
that optimize the development of lower-tropospheric 
cyclones. These stratospheric configurations are func-
tions of 1) the value of the lower-stratospheric tem-
perature anomaly; 2) the elevation of the tropopause 
undulation layer; 3) the amplitude of the tropopause 
undulation; and 4) the horizontal location of the un-
dulation relative to the tropospheric temperature anom-
alies. 
In Part II, more sensitivity experiments were per-
formed to examine the individual role of tropospheric 
temperature anomalies. The results of these experi-
ments complement those in Part I and show that for a 
given stratospheric temperature configuration there is 
an optimal tropospheric configuration that yields the 
largest height tendency at the center of the 1000-mb 
model low. Likewise, there is an optimal set of config-
urations for minimizing the height tendencies at the low 
center. For a range of tropospheric anomalies, a dipole 
region of deepening and nondeepening is found in 
which eastward-sloping tropospheric temperature 
anomalies are generally associated with deepening tro-
pospheric cold-core disturbances and westward-slop-
ing anomalies are associated with nondeepening dis-
turbances. As the magnitudes of the tropospheric tem-
perature anomalies are increased, neutral to moderate 
deepening replaces the dipole region. For very large 
tropospheric temperature anomalies, extremely large, 
bomblike deepening rates are found. Examination of 
these disturbances indicates that they are tropospheric 
warm-core systems. Significantly, when the lower-
stratospheric temperature anomalies are taken away, 
the dipole region of tropospheric cold-core distur-
bances disappears. The warm-core disturbances, how-
ever, remain and exhibit even larger deepening rates. 
It is also found that cyclogenesis is affected not only 
by the magnitude and relative location of temperature 
anomalies but also by the depth of the anomalies. Spe-
cifically, temperature anomalies within the model PBL, 
unlike the anomalies that extend from the top of the 
PBL through the deep atmosphere above, do not sig-
nificantly affect the instantaneous quasigeostrophic dy-
namics during type B cyclogenesis. That is, the mag-
nitude and location of the maximum 1000-mb height 
tendencies are not very sensitive to the presence of 
shallow low-level temperature anomalies. The PBL 
anomalies can, however, affect instantaneous cyclone 
development in another way. Specifically, these low-
level anomalies can hydrostatically shift or steer the 
1000-mb low to locations with more favorable deep 
tropospheric-stratospheric dynamics for development. 
For example, it was found that the deepening rate of 
the I 000-mb low increases as the magnitude of the PBL 
cold anomaly increases and as the PBL cold anomaly 
is located increasingly farther east relative to the 200-
mb warm anomaly. As these changes in PBL temper-
ature configuration occur, the position of the 1000-mb 
low migrates farther east and more toward the center 
of maximum 1000-mb height falls. These results have 
implications for the cyclogenetic role of cold-air dam-
ming, which is a common phenomenon along the east 
slopes of the Appalachians during the winter. As an 
upper-level wave or PV anomaly propagates eastward 
and approaches a damming region, the surface low 
pressure center associated with the traveling upper-
level wave may rapidly shift from the west side of the 
cold wedge of dammed air to the east side. In doing so, 
the low center may have shifted to a location having 
much more favorable deep atmospheric conditions for 
development than if it had continued to migrate steadily 
eastward with the upper-level wave. The result of the 
shift would give the appearance of a sudden, rapid 
deepening. 
In addition to the experiments exploring the sensi-
tivity of type B cyclogenesis to the structure of the 
troposphere, three individual stratospheric-tropo-
spheric model configurations were chosen to analyti-
cally investigate the free tropospheric-stratospheric 
dynamics of height tendency during cyclogenesis and 
occlusion. An important result of these examinations is 
that the height tendencies calculated by using the 
model-derived temperature tendencies in a top-down 
height tendency equation are exactly equivalent to 
height tendencies generated with the model vorticity 
equation. An analysis of the most optimal conditions 
for the development of the 1000-mb low shows that the 
structure and dynamics of the model case are similar 
to those identified in a previous observational case 
study (HF91a,b). In particular, the 1000-mb low is lo-
cated almost directly underneath the region of strongest 
200-mb temperature advection. Additionally, over the 
low and over the 1000-mb height fall maximum, the 
strong lower-stratospheric warm advection instantane-
ously overwhelms adiabatic cooling in both the strato-
sphere and troposphere. The model-generated height 
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tendencies are large in the lower-stratosphere but are 
virtually nonexistent at 50 mb. This indicates that a 
stratospheric LID assumption (used in the case study) 
is not unrealistic. These results support the contention 
of a top-down approach to understanding height ten-
dency (HF91a,b; HF93b), whereby low-level height 
(pressure) falls are driven by local warming below 
the LID. 
When the static stability is lowered in the tropo-
sphere and raised in the stratosphere to more realistic 
warm-sector values, the vertical motion and net local 
column warming increase. This intensifies the 1000-mb 
height tendency pattern and tends to amplify the tro-
popause undulation. As the amplitude of the undulation 
increases, features that are characteristic of the occlu-
sion process are observed. Specifically, the location of 
the 1000-mb low is increasingly underneath the strato-
spheric warm anomaly and the low deepens. As the low 
propagates under the upper-level warm pool, warm 
lower-stratospheric advection over the low diminishes 
as does the cooling from ascent. Consequently, the fall-
ing height tendency at the center of the low diminishes. 
Downstream from the low, however, strong upper-level 
advections continue to overlap strong tropospheric ad-
vections, and large, negative 1000-mb height tenden-
cies still occur. 
In general, the sensitivity experiments and the anal-
yses provide a more traditional synoptic explanation of 
how PV anomalies induce cyclogenesis. Temperature 
and wind anomalies associated with tropopause undu-
lations (PV anomalies) play active and important roles 
in the development of low-level cyclones. The structure 
of the three-dimensional height distribution and, in par-
ticular, the horizontal location and intensity of low-
level cyclones is highly dependent on the characteris-
tics and superposition of the lower-stratospheric and 
tropospheric anomalies. Proper superposition of lower-
stratospheric warm advection over favored regions of 
tropospheric warm advection and less stable air results 
in falling heights (pressures), stronger vertical circu-
lations, and an overall intensification of the develop-
ment process. 
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APPENDIX 
List of Symbols 
Ff free troposphere 
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level of insignificant dynamics 
planetary boundary layer 
model pressure levels 
reference pressure level in five-layer 
model 
top reference pressure level in height ten-
dency integration 
static stability 
static stability in layer j 
temperature 
horizontal temperature advection 
horizontal mean temperature 
layer mean temperature 
horizontal mean temperature at P 1 
local temperature tendency 
adiabatic heating (cooling) owing to as-
cent 
linear temperature gradient 
linear temperature gradient at model level j 
harmonic temperature anomaly 
harmonic temperature anomaly amplitude 
harmonic temperature anomaly amplitude 
at model level j 
1000-, 850-, and 350-mb harmonic tem-
perature anomaly amplitudes (negative 
values refer to magnitude of cold 
anomaly) 
tropospheric harmonic temperature 
anomaly amplitude (negative values 
refer to magnitude of cold anomaly) 
200- and 250-mb harmonic temperature 
anomaly amplitudes (positive values 
refer to magnitude of warm anomaly) 
tropopause undulation layer 
mean u component of the wind 
mean u component of the wind at P j 
mean u component of the wind at Pref 
height tendency calculated by means of 
the height tendency equation 
height tendency by means of the model 
vorticity equation 
height tendency at the 1000-mb low cen-
ter 
lapse rate 
dry-adiabatic lapse rate 
lapse rate in model layer j 
phase in the x direction of the harmonic 
temperature anomaly at P j 
x location of 1000-mb low center 
x locations of the 1000- and 850-mb cold 
anomaly 
geopotential 
harmonic geopotential anomaly ampli-
tude at P,er 
phase in the x direction of the harmonic 
geopotential anomaly at Pref 
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